W orldwide, there is limited availability of ophthalmologists experienced in detection of severe retinopathy of prematurity (ROP).
1,2 A telemedicine system that can accurately identify infants with potentially severe ROP can maximize the likelihood of detecting eyes with referral-warranted (RW) ROP, ie, morphological features associated with severe ROP, such as plus disease, zone I ROP, or stage 3 or worse ROP, that may indicate a need for intervention. 3 The Telemedicine Approaches to Evaluating
Acute-Phase Retinopathy of Prematurity (e-ROP) Study was a large multicenter, National Eye Institute-funded, clinical study undertaken to evaluate the validity of an ROP telemedicine system to detect eyes that have RW-ROP. 4 It compared results of digital image grading vs findings of binocular indirect ophthalmoscopic examinations performed by study-certified and ROP-experienced ophthalmologists. 5 Similar to telemedicine approaches in diabetic retinopathy, the e-ROP Study established a reading center (RC) where trained, certified nonphysician readers supervised by an ophthalmologist RC director graded standardized image sets of eyes at risk for ROP from infants with birth weight less than 1251 g enrolled from May 25, 2011, through October 31, 2013. We describe the training, certification, operational workflow, and quality assurance in an ROP RC that supported the e-ROP Study.
Methods

RC Infrastructure
Standardized independent workstations with secure Internet access were provided to all trained readers (TRs) in the e-ROP Study; they included similarly configured computers with monitors that were calibrated every 2 weeks to maintain consistency in brightness and hue. Software was developed for displaying and manipulating contrast, brightness, and magnification in the ROP images and data from grading were captured using web-based forms ( Figure) . Parental informed consent was provided for all infants prior to study enrollment. The institutional review boards allowed for verbal consent followed by written consent by the infant's parent or legal guardian at 4 clinical centers; at all other centers, written consent had to be obtained prior to enrollment. After obtaining approval from the institutional review boards at each of the participating clinical centers, standard 6-image sets were acquired for each eye, sorted by field of view with respect to the ideal field, focus, and clarity, and uploaded to the Inoveon Data Center by nonphysician imagers. The image sets were assigned to reading queues that could be randomly assigned to a general reader queue or assigned to a specific reader. The TRs used a structured grading protocol to In the Telemedicine Approaches to Evaluating Acute-Phase Retinopathy of Prematurity (e-ROP) Study, software was developed for displaying and manipulating contrast, brightness, and magnification in the retinopathy of prematurity (ROP) images and data from grading were captured using web-based forms. DD indicates disc diameter.
Training and Certification of TRs
The Department of Ophthalmology, University of Pennsylvania, Philadelphia, had an existing RC with 3 TRs with extensive experience in reading color and fluorescein digital retinal images in studies related to age-related macular degeneration and diabetic retinopathy but with no previous experience in grading ROP images. Requirements for TRs included demonstrating ability to grade digital images systematically and to adhere strictly to the protocol. The TRs had diverse undergraduate backgrounds. They underwent 3-phase training, a precertification process, and a final certification process for the e-ROP Study.
Phase 1 training included didactic lectures, interactive sessions, and assigned readings that covered classification of ROP, 6 the e-ROP Study protocol, telemedicine principles, the grading protocol, and current ROP treatments. A broad spectrum of ROP clinical images was shown and discussed during interactive training sessions through face-to-face meetings and webinars with participation by expert graders, the RC director, and the study chair. The TRs visited the neonatal intensive care unit at The Children's Hospital of Philadelphia to observe the imaging of premature babies. To complete phase 1, the trainees were required to successfully complete a knowledge assessment test.
In phase 2 training, the TRs independently viewed and graded training image sets with known ROP grading from a previous ROP study database. 3 Prior to the images' use in training, a group of experts generated consensus final grading results for each image set that were used as the answer keys to assess TR grading performance. Using a paper grading form, the TRs graded each training image set for the presence or absence of plus disease, zone I ROP, and stage 3 or worse ROP. The percentage of agreement of each grading variable from each reader was determined by comparing TR grading results with expert consensus results. Each training session included independent grading of an average of 15 image sets by each TR, followed by the review of training image sets and discussion of their grading results. The study biostatistician (G.-S.Y.) reviewed the analysis of the grader training results with the RC director and study chair to identify areas that warranted additional training. In phase 3 training, the TRs graded additional ROP RetCam image sets using the electronic form and grading protocol. Deidentified training image sets that included classic ROP morphology, various artifacts, and different aspects of quality related to focus, clarity, and field were provided. The TRs graded and reviewed 100 ROP training image sets. They graded image sets individually and met once a week with the study chair, RC director, and a clinical expert (A.E.) through teleconference to compare findings and discuss discrepancies with the image sets displayed on shared monitors.
During the precertification process, the TRs were required to demonstrate good agreement with the consensus grading of training image sets and then 10 image sets from the e-ROP pilot study were provided for independent grading. Grading results for RW-ROP and its components were compared with the consensus grading for that image set. An agreement of 85% or higher was judged to be satisfactory, and retraining was required if the TR did not achieve a satisfactory score.
Final certification was conducted once 85% agreement in precertification images was reached. An additional 15 image sets derived from e-ROP pilot submissions were queued for the final certification process. If less than 80% agreement was achieved on these image sets, retraining for a week was performed; then, another 15 images sets were queued and the process was repeated until there was at least 80% agreement with the consensus grading, resulting in TR certification.
Grading Workflow
The RC workflow (eFigure in the Supplement) was developed using the defined roles of a data manager, TRs, RC director, and study chair. The TRs graded all images from infants who developed RW-ROP based on the diagnostic examination. Approximately 80% of infants were not expected to develop RW-ROP; therefore, we had decided a priori to select for the primary outcome article 5 a random sample of approximately 60% of infants who never developed RW-ROP. All image sets from this selected subsample of infants were graded by TRs. The data manager at the data coordination center selected and assigned image sets for grading. Two TRs independently graded each image set. The RC director oversaw the operations of the RC and provided adjudication for discrepancies arising from the TR double grading that were above a predetermined threshold (eTable 1 in the Supplement). On rare occasions, the study chair provided adjudication for grading disparities when referred by the RC director. More details of the grading process are given in eAppendix 1 in the Supplement.
Grading Protocol
The e-ROP Study grading protocol required evaluation of both image quality and the key morphological features of ROP. In developing the final e-ROP Study grading protocol, there were 2 iterations of protocol and a final third version was used to grade all of the study image sets. Details of grading of the image quality and morphological features (posterior pole vessels, zone of ROP, and stage of ROP) are described in eAppendix 2 in the Supplement.
Quality Assurance
To ensure the integrity and completeness of the image evaluation, the TRs were completely masked to all infant demographic information including birth weight and gestational age, clinical data on ROP findings from the diagnostic eye examination, and the grading results from image sets of previous visits and image sets from the fellow eye. In addition, real-time consistency checks were performed and automatic edit queries were generated once the TRs finalized the evaluation of an image set. Finally, the RC monitors used in grading were calibrated every week.
To monitor the reproducibility of grading, a random sample of 20 image sets (contemporaneous variability sample) was selected quarterly for regrading by each TR and intragrader and intergrader variabilities were determined. To monitor the consistency of grading over time, a random sample of 25 image sets (temporal drift sample) was selected and regraded quarterly by each TR and agreement between regrading results and the initial grading results was assessed. All image sets selected for quality assurance were randomly intermingled within the regular grading queue so that the TRs were unaware which image sets were being regraded.
Statistical Analysis
We evaluated intergrader agreement and grade-regrade agreement by calculating exact percentage of agreement and weighted κ between 2 graders (for intergrader agreement) or between original grading and regrading (for grade-regrade agreement). Weighted κ was calculated using our developed weighting matrix specific to each grading item in which discrepant grades were assigned partial credit for agreement depending on how close they were, and "ungradable" was given 25% agreement with all other grades. The 95% confidence interval for the weighted κ was calculated using the bootstrap. All analyses were conducted using SAS version 9.4 statistical software (SAS Institute, Inc).
Results
Four TRs were trained and certified for the study in 2 groups. After 1 member of the initial group of 3 TRs left for another job, a replacement TR was recruited and trained. Certification of the TRs required at least 85% agreement in interpreting RW-ROP with consensus grading. As shown in eTable 2 in the Supplement, the agreements are very high in precertification (80%-100%) and final certification (93%-100%) for each TR.
For the primary outcome article, a total of 5520 image sets were double graded by TRs with adjudication of discrepancies. In the image set grading, 56.4% had discrepancies in at least 1 grading field (either image-quality fields or ROP-morphology fields) that required adjudication by the RC director. A small number of discrepancies (246 image sets [4.5%]) were also reviewed by the study chair at the beginning of the study to assure that the nonphysician readers and the RC director were following the grading protocol. Overall, 24.5% of the image sets required adjudication for a feature that determined whether RW-ROP was present. For individual RW-ROP components, the adjudication rate was 3.9% for plus disease, 12.4% for zone I ROP, and 16.9% for stage 3 or worse ROP ( Table 1) .
The temporal drift for each of the TRs is shown in Table 2 . The temporal drift sample of 25 image sets graded during November 2012 was regraded 3 times by each of the TRs. The graderegrade agreement for RW-ROP was high with weighted κ ranging from 0.57 to 0.94 across the TRs. A total of 80 image sets from 4 samples of the contemporaneous variability sample were regraded by each TR during the grading period. The weighted κ for intergrader agreement from these 80 image sets is shown in Table 3 
Discussion
Measurable competence developed during comprehensive and advanced training in grading digital images is critical in studies that use a centralized RC system to evaluate retinal fundus images from infants at risk for ROP. Previously published reports studying telemedicine approaches to ROP have not detailed the processes involved in certifying nonphysician TRs, except one that described a brief training session for nonexpert graders consisting mostly of medical students and ophthalmology residents. 7 Previous studies on ROP telemedicine have used different types of readers: single ROPexperienced ophthalmologist as an unmasked reader 3 ; single masked ROP-experienced ophthalmologists 8,9 ; 2 retinal spe- 2 masked ROP-experienced ophthalmologists 11 ; ROPexperienced ophthalmologists who performed clinical examinations and evaluated retinal images from the same infants after a few months 12 ; and nonphysician imagers who also read the images they had taken. 13 Previous clinical studies have not studied a system to evaluate the competency of remote nonphysician graders. The e-ROP Study RC developed an ROP curriculum, training, and certification for nonphysician TRs and developed and implemented a standardized grading protocol using electronic data capture. The e-ROP Study protocol required 2 TRs to grade image sets independently and significant discrepancies were adjudicated by the RC director and, if needed, by the study chair. By implementing an extensive quality management system that included quality assessment of images, intergrader and intragrader variability, and temporal and contemporaneous drift, the e-ROP Study maintained a consistent and repeatable grading system throughout the study period.
It was important to have a robust certification system that keeps TR agreement levels high, and this was particularly important in accurately identifying morphological features of plus disease, zone I ROP, and stage 3 or worse ROP. An important feature in the development of the TR certification system was establishing a standard criterion of reference not only for the different morphology of eyes with RW-ROP but also for any ROP and preplus disease. This was done through a process of integrating the grading of 3 expert readers, the RC director, and the study chair and using this consensus grading as the standard criterion against which the grading of the TRs was compared. The excellent agreement between TRs reflects the extensive and rigorous training and certification process.
Intragrader agreement was good both in grading quality of images as well as in grading each of the morphological features of ROP. Among quality assessments, the disc center image quality had the lowest regrade agreement, and this could be a measure of the variability in judging the quality within an area of 3 disc radii surrounding the optic disc without using a standard template. In regrading the presence of zone I ROP, the intragrader agreement was less when compared with agree- veal center and subsequent delineation of zone I consistently in digital images could be increased by using a standard zone I template for digital images.
Intergrader variability also measured differences in judging the quality of the retinal images. The weighted κ of agreement ranged from 0.40 to 0.66 for each of the 5 retinal images. The nasal and superior fields had the lowest agreements in terms of image quality. The quality of images becomes extremely important when the TR is unable to determine RW-ROP while perceiving morphological changes in poor-quality digital images. 15 However, this study showed uncertainty in grading RW-ROP pathology in fewer than 2% of all image sets graded, and fewer than 1% required adjudication by the RC director for such uncertainty (Table 3) . Enhancing the appearance of the ROP morphology and attenuating background noise in poor-quality images by manipulating the contrast, brightness, magnification, and gray tone brings more certainty to detecting ROP pathology in digital images. While some studies have refrained from using image enhancement to avoid the confounding effects of difference in the readers' skills in enhancing images, 16 we allowed the TRs in our study to use the functional modalities of the e-ROP grading software. Because all TRs' graded images used these functionalities, we are unable to assess what effect these enhancements had on reducing undecided readings or the extent to which they increased or decreased agreement between readers; we propose investigating this in future studies. Identifying plus and preplus disease showed an intergradervariability weighted κ of 0.57. Using International Classification of Retinopathy of Prematurity images 6 as standards for the tortuosity and dilation in the 4 quadrants to identify plus and preplus disease did not appear to adequately minimize intergrader variability. This was not surprising as identification of plus disease in ROP among experts also appears to be highly variable over several studies. [16] [17] [18] Four experienced ROP ophthalmologists grading high-quality RetCam images disagreed 10% of the time on the presence of plus disease, and the disagreement increased almost 3-fold when grading was confined to images having only plus and preplus disease. 16 Among 22 experienced ROP experts who interpreted wide-angle images for the presence of plus disease, only 27% had mean κ scores over 0.80 (substantial agreement), while 18% had scores below 0.41 (slight or fair agreement). 18 Unlike our study in which TRs were allowed to look at the 4 peripheral retinal images before identifying plus disease in the disc center image, the studies had these expert readers looking only at the disc center image. In the e-ROP Study, TR disagreement on presence of plus disease was 55%. Thus, these disagreements in identifying plus disease persist in telemedicine ROP studies and need more rigorous refinements on the definition and quantitative methods of detecting plus disease in digital images. Study strengths included having the TRs and the RC director completely masked to all infant details and having them grade the image sets of each eye independent of the morphological changes that could be present in the other eye. Paradoxically, this could also have been a limitation of the study as allowing access to information on the gestational age and birth weight of the infant together with the findings in the other eye could have improved the sensitivity and specificity in the study. This hypothesis is being tested in a future study. Another limitation of this study and other similar past studies is that there was no gold standard to assess the competency of the TR in identifying morphological features in the retinal images; the consensus opinion of a few experts in ROP, which is subject to error, was used as the standard for comparison for training and certification of TRs.
Conclusions
The results of this study suggest that reliable, comprehensive, systematic training and certification of nonphysician readers of digital image sets of premature infants at risk for ROP are feasible. To our knowledge, this is the first study that has demonstrated consistent and good agreement between and among nonphysician TRs grading ROP from digital images using a centralized reading facility.
